A He-V-Li blanket design was developed as a candidate for the U.S. fusion demon,stration power plant. This paper presents an 18 MPa helium-cooled, lithium breeder, V-alloy design that can be coupled to the Brayton cycle with a gross efficiency of 4 6 9 . The (critical issue of designing to high gas pressure and the compatiibility between helium impurities and V-alloy are addressed.
INTRODUCTION
As a part of the Starlite Project, the U.S. Demo Team has identified the mission and design requirements of U.S. fusion demonstration power plants. Demo must satisfy the minimum design requirements andl embody the minimum technological extrapolation required to achieve the Demo Mission. Evaluation was performed on helium-cooled, vanadium-alloy blanket options. Low activation vanadium-alloy is selected as the structural material because of its higher temperature performance potential compared with ferritic steel alloy, and its possibility of reaching matured development before the construction and operation of the U.S. Demo by the year 2025 . The motivations for the use of helium as the blanket coolant are its potential for high thermal efficiency and properties of chemical :inertness and non-activation. It is the only coolant used by aldvanced fission reactors that has the thermodynamic and transport properties that allow high temperature and hence high efficiency operation with high temperature structural material, leading to the possible use of a Brayton cycle power conversion system. Its properties of chemical inertness and non-activation significantly reduces the risk of chemical safety and waste disposal. In order to realize these advantage.s, the helium design must work with its property of re1ativel:y low volumetric specific heat, which means addressing the high pressure system design issues. The design must also successfully address the issue of compatibility between '+alloy and helium impurities.
A REVIEW
Two helium-cooled blanket designs have been proposed previously for use with V-alloy.
The first design is the helium-cooled, V-alloy structure blanket option proposed for ITER [ 11. It is a poloidal coolant flow, co-axial U-shape: tube, molten lithium, breeder-out-oftube (BOT) design, with narrow modules that could fit the narrow vertical maintenance opening of the 1993 ITER-EDA design. This design focused on addressing the question of reliability when high pressure helium (18 MPa) is used. All piping joints are located outside of the vacuum vessel. Coaxial tubes were used to increase design reliability. Both coaxial tubes are designed to take the full helium pressure and only the inner tube was pressurized. The annulus between tubes was filled with liquid metal (Na or Li) for leak detection. This option addresses many of the design issues, but not the issue of material Compatibility between V-alloy and helium-impurities.
The second design reviewed is the reference SEAFP reactor study [2] . This blanket is a poloidal flow, co-axial tube, L i z 0 breeder-in-tube (BIT) design. The solid breeder L i 2 0 is also used to fill-in the space between co-axial tubes. Helium coolant at 9 MPa, flows in the annulus between the co-axial tubes. The key focus of the SEAFP design is to ensure public acceptance and take into account the operating requirements of utilities. The issue of material compatibility between V-alloyLi20 and V-alloy/helium-impurities interfaces is proposed to be resolved by coatings of sub-micron thick S i c or Al2O3.
THE He-Li-V DEMO DESIGN

A. Design description
Considering the advantages and disadvantages of previous V-alloy helium-cooled designs, a new helium-cooled, molten lithium, V-alloy design (He-Li-V) was developed for Demo. It is a toroidal flow, single wall coolant tube, stagnant Libreeder design as shown in Figs. 1 and 2. Similar to the ITER design, the use of molten Li-breeder eliminates all the fabrication and operation difficulties related to the use of solid breeders. Some of these difficulties are: the fabrication of sphere-pac or sintered pellets, uniform filling of solid in tortuous channels, loss of blanket volume due to void fraction. radiation damage of solid breeder, solid-to-solid thermal contact resistance, sphere-pac settling and thermal ratcheting effects; and the complexity of tritium purge flow system design. For this He-Li-V design, the breeder lithium should be circulated slowly for tritium extraction, MHD insulation may not b e necessary. The blanket modu!e consists of blanket boxes connected to the coolant plenum and structural support Iocated at the back of the blanket. Tube plates 
C . Thermal-hydruulics results
Based on neutronics results of detailed radial volumetric power density distribution, scoping thermal-hydraulic calculations were performed to assess the materials maximum temperatures, and coolant frictional pressure drops for the blanket and first wall. The primary and secondary stresses of the first wall was also estimated by the simple model of a circular tube. Peak surface and neutron wall loading assumptions were used for the maximum temperature calculations. Table I indicates that the V-alloy maximum temperature can be maintained to <700"C. All primary (<lo5 MPa) and total stress (<315 MPa) limits, as modeled by a long cylinder, can also be met. 
D. Power conversion peqormance
20
gross thermal efficiency of 60% can be achieved with helium outlet temperature in the range of 1 100°C. This is well within the capabilities of current gas turbines which operate at temperatures in the range of I20O0-1 300°C. However, it will require an advanccd blanket material such as metal matrix composite or advanced SiC/SiC composite. Fig. 4 also illustrates the importance of gas pressure on cycle efficiency. Above 12 MPa, performance beconics a relatively weak function of pressure. Below that value the pressure losses through the blanket becomes a dominating effect. The selected gas pressure at 18 MPa is for the goal of further blanket pressure drop reduction.
CRITICAL ISSUES
As presented above thc use of V-alloy and helium coolant has the potential to be a high thermal performance low activation blanket design. Two critical issues remain to be addressed. 'These arc the operation with high helium pressure and the compatibility between V-alloy and helium impurities.
A. Desigri with high pressure Izeliutu
A system pressure of 18 MPa is relatively high, but by no means unusual by modern industrial standards. It is important to understand that the probability of a leak is a weak function of gas pressure. Rather it is mainly a function of the incidence of undetected critical flaws and a crack propagation mechanism such as creep or high or low cycle fatigue. Stresses from these mechanism are much greater than primary (pressure induced) stresses. Current design practice, used in the utility and process industries, employs established calculational procedures to determine critical tlaw sizes and inspection techniques to detect the presence of critical flaws. Via this approach, highly reliable operation of high pressure systems has been achieved. For example hundreds of commercial superheated steam systems arc operating in the range of 17-20 MPa and a lcsser number of supercritical steam systems are operating in the range of 24 MPa. Natural gas line pumping units operate at pressures to 27.5 MPa.
What is significant about the helium-cooled blanket is that it operates next to a system with stringent vacuum conditions. Thus, special care must be taken to assure that leaks are improbable to maintain high machine reliability and availability; and that large leaks (such as tube rupture) are highly improbable for investment protection. To accomplish these, first the incidence of small leaks must be designed to be very low. This is achieved by a thorough, robust design. Second, if a small leak occurs, it must not rapidly propagate to a large leak before action is taken to valve off the high pressure gas, to prevent any significant damage to the blanket module.
In 1993, General Atomics applied the technique of leakbefore-break assessment [ I ] on the helium-cooled blanket design for ITER. The material used was V-alloy, the helium pressure was set at 20 MPa, and the helium-cooling tubes were designed to 100,000 full power shots. In terms of operation, this large number of cycles is a much more severe requirement than what is required for the U.S. Demo design, which should be a steady state device with fewer than 50 cycles for a 5 year life first wall. In this ITER blanket design exercise, conservative assumptions were made in the calculations of crack propagation. A value of KIC reduced by irradiation to 40 MPa-m'/* was assumed for the critical crack length calculation. (This is the irradiated lower shelf value for HT-9. This is a conservative value for V-alloy because of its superior ductility at higher temperature than HT-9.) Analyses were performed for different ITER tubes at different loading conditions. The surface loadings were for the cases of 0.35 and 1 MW/m2. Results showed that an initial undetected tlaw of 4 . 9 mm depth would not produce leakage in <100.000 cycles (i.e. each burn cycle equal to 1000s).
This is a large initial tlaw and can be assumed to have a very low probability of occurrence, because manufacturing techniques and QC inspection would not allow such a flaw to exist in the base material. In addition. results showed nearly all the failure scenai-ios met the leak-before-break criteria.
To ensure the application of the leak-before-break technique and to avoid cooling tube bursting, it is necessary to derive a helium leakage detection technique for the He-Li-V design. Calculations show that a t 2000 MW fusion power, the generation rate of helium i n the lithium breeder, from (n, a )
reaction, is about 0.005 gm/s, and with a flaw size in the range of 0.1 to 0.5 mm diameter (less than thc critical flaw size of 0.9 mm) the helium leakage rate can be estimated to be in the range of 0.05 g/s to 1.2 g/s, respectively, which are much larger than the fusion helium generation rate in lithium. This means that the helium leakage from the primary coolant can be distinguished and detected before the flaw size becomes critical. For investment protection, it is necessary to design the module to withstand a certain value of over pressurization. A separate estimate has shown that the blanket module can be designed to withstand a short duration of module over pressure to about 9 MPa to before the activation of the passive shut-off valves within a duration of 0.1-0.5 s, will be necessary.
B. Helium impurities compatibility with V-alloy
Both helium and lithium are compatible with V-alloy through the entire proposed temperature range of the He-Li-V design. However, when helium is used as the coolant with V-alloy, the possibility of helium impurities (0 or H) reacting with V-alloy was identified as a critical issue in the 1983-84 BCSS [4] study. Since then there has not been any systematic program to address thiS issue. Uncoordinated studies have continued, mostly performed at relatively high concentration of moisture (-100 ppm) content, atmospheric pressure oxygen or air at high temperature. Since at this time there are no conclusive experimental results that can address this issue of compatibility, it beconies important to review gas cooled fission reactor experience in the areas of impurities extraction and impurity ingress control. The approaches of metallic surface modification and oxidation resistant alloy can also be considered when necessary.
C. Impurity removal
The technology for impurity cleanup in helium coolant loops has been well demonstrated in operating gas-cooled, fission reactors. Experience in the U S . and Europe has demonstrated systems with reliable side stream cleanup of impurity particulate, moisture and gases using systems readily available to the blanket cooling application. A typical helium purification train similar to what could be deployed as a part of a blanket cooling system, consists of four factory fabricated process modules. The modules and their functions are: 1.) High temperature filter/absorber, consists of an activated charcoal bed followed by a metallic filter elements. Particulate (i.e., dust) is mechanically trapped by both the charcoal bed and metallic filter elements. 2.) Oxidizer is used to convert hydrogen, tritiated hydrogen and carbon monoxide to water and carbon dioxide for subsequent removal. Oxidation takes place at elevated temperatures as the helium passes through an appropriate catalyst bed. 3.) Dryer can be used to essentially completely remove various form of oxidcs at this stage by a molecular sieve. I n the cvcnt of high tritium Icvels, separate water and carbon dioxidc absorber cartridges could be utilized. 4.) Low temperature absorber is used to rcmove remaining gaseous impuritics such as nitrogen and any methane by passing the helium stream through a liquid nitrogen cooled, activated charcoal bed. Purification systems processing more than 2000 kg of helium per hour are wcll within existing experience base and would provide rapid coolant turnover, pcrhaps on thc ordcr of one to sevcral hours, if so required.
D. Control of impurity ingress
In addition to clcanup, helium purity is dependent on impurity ingress. Precluding or tightly controlling impurity ingress is requisitc to maintaining coolant purity. Experience with U.S. and European helium coolcd reactors has demonstrated the practicality of achieving low impurity levels. As an example, the German THTR reactor 151 has demonstrated control o f H 2 0 to d . 0 1 ppm by volume, and H2 to 10.8 ppm by volume. In the high gas pressure He-V-Li blanket, all metallic cooling system, most of thc fission reactor conventional impurity sources can be eliminated. Steam generators are eliminated by adoption of the high efficiency Brayton Cycle (DCGT). This system is hermetically sealed to prevent any leakage during operation, but if a leak should occur, helium at a minimum of 9MPa would leak out rather than air leaking in. Molecular counter diffusion of 0 2 through the leak (low pressure) would be insignificant. Likewise, leakage of water from the precooler or intercooler is preluded by the fact that the pressure of the helium (9 MPa) is far greater than the water (0.2-0.3 MPa). Any leak would rapidly be detected by the presence of helium in the water. Graphite blocks and fibrous insulation for the fission reactor are not required in a blanket cooling system. This eliminates significant sources of helium impurities. Finally the maturation of magnetic bearing technology eliminates the potential for ingress of rotating machine lubricants.
Hence, the lack of ingress sources coupled with a continuously operating purification system suggest that impurity levels very much lower (perhaps several orders of magnitude) than those observed in helium cooled fission reactors might reasonably be expected.
E. Suquce modifcation
Although we believe the issue of compatibility can be addressed by impurities extraction and control of impurity ingress. Since at this time there is no experimental data to demonstrate the acceptable equilibrium concentration of low level of impuritnes in the helium primary loop of the He-V-Li blanket design, it is reasonable to investigatc various ways to mitigate the problem if warranted.
A possible way to make the V-alloy compatible with impurities is by way of surface modification. Surface modification to address V-alloy chemical compatibility has been investigated by various scoping studies (6, 71. In one case. aluminum was used to modify the surface of V5Cr5Ti to make an AI rich surface region of the V-alloy. This aluminized V-alloy had dramatically increased oxidation resistance at temperatures to 575°C in air when compared to standard VSCrSTi material [6] In another case, chromium surface modification was used for a V15CrSTi alloy to dramatically increase oxi-dation resistance, relative to standard V 15Cr5Ti, upon exposure to He containing 100 vppm H 2 0 at temperatures to 650°C [7] . Chromium surface modified V15Cr5Ti gained 2% as much weight as VISCr5Ti upon exposure to He containing 100 vppm H 2 0 at 650°C for 400 h. Studies as these show the merit of surface modification of V-alloy structural mater-ial to enhance chemical compatibility. It can be envisioned that for surface modification, if necessary, 10-20 p layer of Si, AI or Y can be surface impregnated to the V-alloy surface facing the high pressure helium.
F. Oxidation resistant V-alloy
Another approach is to make the V-alloy compatible with impurities is to develop oxidation resistant V-alloy. The Japanese have already experimented with additions of up to 1 % by weight Si, AI, and Y to bulk V5CrSTi and V15Cr25Ti materials [8] . They have observed a degree of solutionstrengthening and enhanced oxidation resistance for these bulk modified V-alloys based on measurements performed.
CONCLUSIONS
As a part of the Starlite Project, the Demo Team has identified the mission and design requirements of the U.S. demonstration power plants. A He-V-Li design concept that can meet these requirements was developed. This design is an 18 MPa helium-cooled design using V-alloy as the structural material, and lithium as the tritium breeder. When combined with a DCGT, a gross thermal efficiency of 46% can be achieved. The selection of this Brayton cycle system allows the projection of a gross thermal efficiency of >60% when advanced struc-tural materials like metal-matrixcomposite or advanced SiC/SiC-composite material becomes available. To provide a robust high gas pressure system, it is essential to have a conservative design and backup by detailed fabrication procedures and cost effective QC inspection controls already existing in the modern industry. The approach to resolve the issue of compatibility between helium impurities and V-alloy is by continuous coolant clean-up and the control of impurity ingress, which should be relatively easy in this all metallic high gas pressure system.
When necessary, this problem can be further eased by the application of surface modification on the V-alloy by using elements like Si, AI or Y. In addition, the development of oxidation resistant V-alloy is also being considered. A well coordinated experimental program will be necessary to provide further enlightenment of this compati-bility issue and provide support to this high performance blanket design for the U.S. Demo program. 
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